We investigated the effects of pressure, temperature and additives on aortic root reperfusion success. Cardiopulmonary bypass and heart arrest were initiated in mongrel dogs and sudden uncontrolled normothermic (group 1), pressure controlled substrate enriched normothermic (group 2a), pressure controlled unmodified normothermic (group 2b) and pressure controlled unmodified tepid (group 3) reperfusion compared. In group 1, the first cardiac rhythm was ventricular fibrillation, but dogs in the other groups showed spontaneous sinus rhythm. Recovery times were significantly longer and cardiac output levels significantly decreased in group 1 compared with the other groups. Prolonged lactate production and oxygen uptake failure were observed in group 1 compared with the other groups; oxidative stress markers and microscopic studies confirmed significant tissue injury in group 1. All parameters were similar between groups 2a, 2b and 3, indicating that low reperfusion pressure in the first 2 min is the most effective component of reperfusion.
Introduction
Increasing numbers of patients with acute coronary occlusion are being referred for surgical revascularization due to advances in surgical techniques, myocardial protection and a better understanding of reperfusion injury mechanisms. Restoration of blood flow to ischaemic regions is essential, but uncontrolled reperfusion may exacerbate myocardial damage and result in myocardial dysfunction. Many studies show that the fate of the jeopardized myocardium is determined by the reperfusion strategy rather than how quickly the blood supply is restored. 1 -4 Controlling reperfusion conditions and/or compositions may reduce the impact of myocardial infarction, and numerous studies using different reperfusion strategies have had successful results. It is, however, a complex procedure and includes several elements.
In this experimental ischaemia-reperfusion study we investigated the effectiveness of controlling the pressure, temperature and composition of the reperfusate. We aimed to simplify the method and determine the effects that help prevent reperfusion injury.
Materials and methods
The Gülhane Military Medicine Academy Ethics Committee (Ankara, Turkey) approved the study.
ANIMALS
Thirty-two vaccinated, healthy adult mongrel dogs of either gender, weighing 24 -25 kg were used for the study. All animals received humane care in compliance with the 'Principles of Laboratory Animal Care' formulated by the National Society for Medical Research and the 'Guide for the Care and Use of Laboratory Animals' prepared by the National Academy of Sciences. 5 
ANAESTHESIA
All animals were pre-medicated with xylazine (0.003 mg/kg intramuscularly) and atropine sulphate (0.04 mg/kg) then anaesthetized with ketamine (5 mg/kg intravenously). A cuffed endotracheal tube and volume-controlled respirator was used to mechanically ventilate the dogs. Anaesthesia was maintained with 10 mg/kg thiopental sodium and 2 µg/kg fentanyl as required.
INDUCTION OF ISCHAEMIA AND CARDIOPLEGIC ARREST
After median sternotomy the pericardium was incised and suspended. Electrocardiography (ECG) using standard limb leads continuously recorded cardiac activity, and arterial pressure was recorded via a 20-gauge angiocath positioned into the distal ascending aorta. A thermodilution catheter (E-576, Abbott Laboratories, Abbott Park, IL, USA) was placed into the pulmonary artery and connected to a cardiac output computer (American Edwards 9520A ® , American Edwards Laboratories, Irvine, CA, USA).
The proximal left anterior descending (LAD) artery adjacent to the first diagonal branch was occluded using a bulldog clamp for 90 min to induce acute anterior wall ischaemia. To suppress ventricular ectopic beats, a total dose of 2 mg/kg lidocaine was given. No inotropic or other pharmacological agents were used.
After 90 min of ischaemia, systemic anticoagulation was initiated with heparin (3 mg/kg intravenously to maintain an activated clotting time > 400 s). An aortic cannula was inserted into the distal ascending aorta and two single vena cava cannulas inserted through the right atrium. Cardiopulmonary bypass (CPB) was initiated and maintained using a membrane oxygenator (Monolyth, Sorin Biomedica Cardio, Saluggia, Italy) and a homemade roller pump.
The extracorporeal circuit was primed with 4.5% hydroxyethyl starch and normal saline solution (1:1), and the haematocrit during CPB varied between 28% and 32%. Mean aortic pressure was maintained at 50 -60 mmHg during CPB by pumping back all the blood received. Systemic flow rate was kept above 50 ml/kg per min by adding hydroxyethyl starch to the reservoir when needed. Acid-base and gas exchange variables and blood potassium and calcium were monitored and corrected as necessary.
An aortic cross clamp was applied and warm blood cardioplegic arrest achieved within 5 min of initiating CPB. Cardioplegia solution (10 ml/kg) was prepared by adding potassium chloride (30 mEq/l), diltiazem (10 mg/l) and sodium bicarbonate (10 mEq/l) to normothermic blood (37 o C), and infused into the aortic root needle at a pressure of 100 mmHg. Diastolic arrest was achieved without removing the bulldog clamp from the proximal LAD. 
REPERFUSION

Uncontrolled reperfusion: group 1
The cross clamp was released at a body and reperfusion solution temperature of 37 o C, and mean systemic pressure maintained at 75 -100 mmHg. The bulldog clamp was removed at the same time to allow restoration of blood flow at a high systemic pressure. Cases with ventricular fibrillation were converted to sinus rhythm with cardioversion.
Enriched hot shot: group 2a
Controlled reperfusion was performed with the cross clamp still on. The bulldog clamp was released and an enriched blood solution (including additional potassium; Table 1 ) infused into the aortic root at a temperature of 37 o C and pressure of 20 -25 mmHg for the first 2 min. Thereafter, the infusion pressure was gradually increased (by 25 mmHg/min) to 75 mmHg. A normokalaemic substrate enriched solution was then infused for the next 20 min. The reperfusate was prepared in two separate plastic bags, each containing 250 ml of blood solution. To ensure continuous infusion, while one bag was filling with blood and being enriched, the other bag was infused using a roller pump. Two 1.5 cm tubing lines were used for this, one to carry oxygenated blood into the bags (from the arterial line) and one for cardioplegia delivery into the pump. Reperfusion pressure in the aortic root was monitored throughout and left ventricular distension actively avoided using left ventricular venting. A vent catheter was inserted into the left atrium and positioned into the left ventricle through the mitral valve. The cross clamp was removed after completion of controlled reperfusion.
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PROCEDURE AFTER REPERFUSION
After reperfusion the systemic mean arterial pressure was kept at 100 mmHg in all study groups by adjusting the pump flow. Total CPB time after reperfusion was standardized to 45 min and then CPB was discontinued.
Hearts were maintained in a beating, working state for an additional hour after weaning from CPB and before the final measurements were taken.
PHYSIOLOGICAL AND BIOCHEMICAL PARAMETERS
Arterial blood gases and electrolytes were restored to normal levels and the left atrial pressure was kept at 10 mmHg (by volume replacement) before the final measurements were taken. Cardiac output was measured before coronary occlusion (baseline) and 30 min and 60 min after discontinuation of CPB. The shortest time to restoration of sinus rhythm and optimal contractility after reperfusion was noted as the 'recovery time'. To measure myocardial metabolism, oxygen and lactate extractions, blood samples were taken simultaneously from the aorta or cardioplegia line and coronary sinus by needle aspiration. This was done before ischaemia (baseline), at the end of the recovery period, and 30 min and 60 min after discontinuation of CPB. Blood samples were analysed for partial O 2 pressure, partial CO 2 pressure, O 2 saturation, pH, serum base excess, lactate, O 2 content and haematocrit/haemoglobin (Nova-stat profile 9, Nova Medical, Wilmington, MA, USA). Myocardial oxygen extraction was calculated as the O 2 content of arterial or reperfusate blood minus the O 2 content of coronary sinus blood (ml/dl). Myocardial lactate extraction was the lactate content of arterial or reperfusate blood minus the lactate content of coronary sinus blood (mmol/l). 6, 7 Negative lactate extraction was expressed as lactate production. After 20 min of reperfusion, blood samples were taken from the coronary effluent (coronary sinus) and stored at 4 o C for 120 -180 min until they could be transported to a specialized laboratory and stored in liquid nitrogen (-170 o C). These samples were used for further analysis, such as measuring levels of thiobarbituric acid reactive substances (TBARS), superoxide dismutase (SOD), myeloperoxidase (MPO) and glutathione peroxidase (GPX).
Romero's method was used for analysis of TBARS, 8 and Andrews and Krinsky's method for MPO. 9 SOD and GPX were analysed using commercially available kits (Ransod SD126 and Ransel RS504 kits, respectively; Randox Laboratories Ltd, County Antrim, UK).
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Sixty minutes after discontinuing CPB, punch biopsy specimens were obtained from the left ventricular side of the apical septum and studied by light and electron microscopy (JEM1200-EX, JEDL Corp., Tokyo, Japan). Light microscopic specimens were stained with haematoxylin and eosin. For electron microscopic studies, the conventional osmium tetroxide fixation method was used. 2, 4 Endothelial cell and myocyte reperfusion injury were determined by light microscopy and verified by electron microscopy. Endothelial cell injury was scored according to a four-point scale (0 -3): 0, no visual pathological change; 1, cytoplasmic dullness and light nuclear chromatin clustering; 2, more pronounced nuclear changes, cellular swelling, intraluminal blebs and fibrin accumulation; and 3, loss of endothelial integrity and perivascular haemorrhage. Myocyte reperfusion injury was scored using a similar scale: 0, no visual pathological change; 1, few contraction bands and minimal myocyte oedema; 2, widespread contraction bands, disruption in sarcomeres, intracellular and extracellular pronounced oedema and tears in the sarcolemma; and 3, cellular disruption due to sarcomere rupture or hypercontraction and disruption in Ebner's bands (intercalar discs).
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Statistical analysis
The Kruskal-Wallis, Fisher's exact and Mann-Whitney U-tests were used to detect differences between the groups when appropriate. SPSS version 5.0 for Windows (SPSS Inc., Chicago, IL, USA) was used for computation in consultation with a specialist. Data are expressed as mean ± SD and P < 0.05 was considered statistically significant.
Results
HEART RHYTHM AND HAEMODYNAMIC CHANGES DURING CORONARY OCCLUSION
Heart rhythm during the beating stage Following LAD coronary artery occlusion, akinesis and subsequently systolic bulging developed in all related segments. All dogs became hypotensive during occlusion. Initial and minimal mean blood pressures are given in Table 2 . Ventricular fibrillation occurred in one dog in group 1; two dogs in each of the other three groups required direct-current cardioversion towards the end of the 90 min ischaemic interval. Premature establishment of CPB due to haemodynamic deterioration or intractable rhythm disturbance was not needed.
Heart rhythm during reperfusion
All hearts in group 1 developed ventricular fibrillation during reperfusion; all were defibrillated successfully and normal sinus rhythm was achieved. All hearts in groups 2a, 2b and 3 beat spontaneously, resulting in normal sinus rhythm during reperfusion (P < 0.001).
Cardiac output measurements
The similar sizes and heart rates of the dogs allowed us to use cardiac output as a marker of myocardial function parameter. Cardiac output declined significantly after reperfusion in group 1 compared with the other groups ( Table 2) , and while a recovery was observed in the other groups, cardiac output in group 1 continued to fall with time after weaning from CPB.
Group 3 had better cardiac output than the other controlled reperfusion groups (group 2a and group 2b) after weaning from CPB, but the differences were not significant. No significant differences in cardiac output were seen between group 2a and group 2b after weaning from CPB. 
NT Oguş , MH Us, H Oguş et al Reperfusion strategy after regional ischaemia
Recovery time
Restoration of sinus rhythm and forceful contractions occurred significantly later in group 1 compared with the other groups ( Table 2 ). The hot shot groups (2a and 2b) had almost identical recovery times that were superior to group 3.
Lactate extraction
Lactate extraction concentrations are given in Table 2 . At all time points lactate production and washout was significantly more pronounced in group 1 compared with the other groups. No significant differences in lactate extraction were found between groups 2a, 2b and 3. The hot shot groups had comparable lactate extraction concentrations at both time points after weaning from CPB.
Oxygen extraction
Oxygen extraction values were significantly worse in group 1 at all time points compared with the other groups ( Table 2) . A significant difference in oxygen extraction was observed between the hot shot groups and tepid reperfusion group, but only at the end of the recovery period (group 2a versus group 3, P = 0.021; group 2b versus group 3, P = 0.016). The hot shot groups had comparable values at 30 and 60 min after weaning from CPB.
Analysis of oxidative stress
Uncontrolled reperfusion resulted in significantly higher TBARS and MPO levels, and significantly lower SOD and GPX levels compared with the other groups ( Table 2) . Levels of TBARS, MPO, SOD and GPX were similar between groups 2a, 2b and 3, but levels of GPX were outside the normal range in all groups.
Ultrastructure
Punch biopsy specimens from dogs in group 1 showed widespread and significantly pronounced endothelial damage compared with the other groups ( Table 2 ; Figs 1 -3 ). A B Reperfusion strategy after regional ischaemia FIGURE 2: (A) Punch biopsy specimen from a dog in group 1 (uncontrolled reperfusion) viewed by electron microscopy. A red blood cell (RBC) can be seen in the capillary contacting an endothelial cell. Note the 'convoluted' appearance of the endothelium, bleb formation, foamy appearance of the cytoplasm and the extensive oedema (E) between the endothelial cell and myocyte. (B) Punch biopsy specimen from a dog in group 3 (tepid reperfusion) viewed by electron microscopy. The convoluted appearance is absent and only a few dwarf blebs and vacuoles are present in the cytoplasm. Oedema (E) formation is markedly reduced compared with the group 1 sample (x 15 000) FIGURE 3: (A) Punch biopsy specimen from a dog in group 1 (uncontrolled reperfusion) viewed by electron microscopy. The sarcoplasmic reticulum and mitochondria are shown, and intercellular oedema and degeneration of the mitochondria (arrow) can be seen (x 25 000). (B) Punch biopsy specimen from a dog in group 2a (enriched hot shot reperfusion) viewed by electron microscopy. Glycogen granules, vacuoles (light areas) and intact mitochondria below the sarcoplasmic reticulum can be seen, reflecting the metabolic changes and intracellular oedema due to reperfusion (x 20 000)
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Damage within groups 2a, 2b and 3 was similar, indicating no difference between the controlled pressure reperfusion groups. The myocyte damage score was also significantly higher in group 1 than the other groups ( Table 2 ; Figs 1 -3 ), but was not as widespread and intensive as the endothelial damage. Endothelial and myocyte damage did not differ significantly between the hot shot and tepid reperfusion groups.
Discussion
Controlling reperfusion conditions aims to prevent reperfusion injury and resuscitate cells that have exhausted almost all their energy. Modifying the reperfusate composition, pressure and temperature, and starting reperfusion in a decompressed and arrested myocardium, were reported to minimize reperfusion injury. It also resuscitates the jeopardized myocardium by reducing energy consumption and rapidly replacing the energy stores. 1 -4 Adding components that are depleted by the Krebs cycle, such as glutamate and aspartate, and various enzymes or chelates that act as radical oxygen scavengers (e.g., SOD, allopurinol and deferoxamine) to the reperfusate can reduce reperfusion damage. Lowering the calcium concentration or leucocyte count in the reperfusate have also been shown, experimentally, to reduce damage. 1, 4 These techniques and additives require different surgical strategies to control the reperfusate. We designed this study to discover the 'negligible components of controlled reperfusion' and simplify the method without altering reliability.
During hypoxia, anaerobic metabolism produces metabolites that reduce vascular tone and produce reactive hyperaemia during the initial phase of reperfusion. 3, 11, 12 Sawatari et al. 11 investigated coronary flow and resistance using low (20 mmHg) and high (> 75 mmHg) reperfusion pressure after 2 h of hypothermic global ischaemia in neonatal lambs. High-pressure reperfusion resulted in an initial burst of coronary flow that had fallen below the low-pressure reperfusion level group after 15 min. Myocardial oxygen consumption after reperfusion was significantly lower in the high-pressure group than the low-pressure group. 11 This hyperaemic vascular response in the ischaemic and peri-ischaemic regions lasted for 30 -120 min. 13 Keeping the reperfusion pressure low during the first 2 min has been reported to prevent the overflow and subsequent tissue oedema and endothelial dysfunction that might result in the coronary no-reflow phenomenon and myocardial dysfunction. 12, 14 In our model, all hearts were arrested with cardioplegia during coronary occlusion. This allowed us to start the reperfusion in a stopped heart to prevent energy consumption and rapidly replenish energy stores. Clinical, biochemical and histological studies found that initial heart rhythm shows a strong correlation with reperfusion injury. 14 In addition, ventricular arrhythmias may be a manifestation of inadequate protection and cellular damage of the myocardium and/or conducting system. 15 The type of first rhythm seen in our groups after reperfusion shows that low-pressure reperfusion during the first 2 min is a strong predictor the subsequent heart rhythm.
In groups 2a and 2b, reperfusion during the first 2 min was performed with the cross clamp still on. The difference between these two groups was the use of 'enriched' or 'unmodified' blood reperfusate. Our clinical, biochemical and histological results suggest that adding glucose, aspartate/glutamate and citrate to the blood reperfusate during the first 2 min of reperfusion and the NT Oguş , MH Us, H Oguş et al Reperfusion strategy after regional ischaemia following 20 min provides no superiority over unmodified blood.
Group 3 animals were cooled to 28 o C to obtain a secure 2-min hypotensive period while removing the cross clamp. Hypothermia provides a secure time for lowering whole body perfusion, without causing brain ischaemia or acidosis. When unmodified tepid blood entered the coronary arteries, a slow regular spontaneous rhythm began (10 -15 beats/min). Interestingly, despite hypothermia, ventricular fibrillation was not seen. This could be attributed to the diltiazem and the resistance of dog hearts to ventricular fibrillation. 16 We used diltiazem to obtain an adjuvant effect to the 'stand-still' situation during aortic cross clamping. Diltiazem does not show a protective effect against cellular calcium influx and reperfusion injury. 17 After a 2-min hypotensive period (20 -25 mmHg), rewarming was started and pump flow gradually increased. The heart was rewarmed rapidly and subsequently spontaneous sinus rhythm developed. The recovery period in the tepid reperfusion group was slightly longer than in the hot shot groups because of the delayed rewarming. In all dogs the perfusion pressure was kept at 100 mmHg during CPB to obtain good functional recovery. 18 In human patients, however, it is not necessary to keep the pressure so high to obtain better myocardial recovery.
After reperfusion, group 1 hearts showed a marked continuation of anaerobic metabolism. This was verified by the prolonged recovery time, and the lactate and oxygen extraction values. Pressure controlled reperfusion, in groups 2a, 2b and 3, resulted in rapid metabolic recovery, and lactate and oxygen extraction levels 60 min after weaning from CPB were similar to those at baseline. Oxygen use in reparative and energy production processes, as monitored by oxygen extraction, had risen by the end of the recovery period in the pressurecontrolled reperfusion groups, but had fallen in the uncontrolled reperfusion group. This problem with oxidative metabolism in group 1 was still evident 60 min after weaning from CPB, and histological studies suggest that restricted blood flow due to the no-reflow phenomenon could be the cause. The difference in metabolic recovery patterns between the hot shot groups and tepid reperfusion group suggests that coolingrewarming may only delay initial oxygen use and does not have a longer-term effect.
Elevated TBARS levels in group 1 indicate cellular reperfusion injury, and the MPO levels suggest endothelial injury due to the role of leucocytes in capillary and parenchymal reperfusion damage. 19 Reperfusion temperature (normothermic or tepid) had no effect on oxidative stress and the related tissue injury.
Use of 'blood' as a myocardial reperfusate increases oxygen transport (due to red cells), buffers acidosis, provides free radical oxygen scavengers and diminishes myocardial oedema through its protein content. Blood components are therefore extremely important natural warriors against reperfusion injury. 20 We were unable to show any beneficial effect of enriching the reperfusate as equivalent results were seen with groups 2a and 2b. Various studies have shown reperfusate enrichment to be beneficial, but this practice has not gained widespread support. Frierson et al. 21 compared Buckberg's controlled reperfusion and simple (uncontrolled) reperfusion in dogs after 100 -180 min of proximal LAD occlusion. After one week, they found identical left ventricular wall motion scores and infarcted areas in the two groups. A different study demonstrated that substrate enriched warm reperfusion provides no superiority over NT Oguş , MH Us, H Oguş et al Reperfusion strategy after regional ischaemia simple unmodified reperfusion. 22 The reperfusate compositions tested in this and other studies were different; however, the non-beneficial outcomes were the same.
The majority of studies comparing the effect of reperfusate temperature used a low temperature (deep hypothermia to normothermia), so the benefit of tepid reperfusion is difficult to determine from the literature. Two studies, however, suggested advantageous effects of tepid cardioplegia on myocardial metabolism and functional recovery. 6, 7 One showed that myocardial metabolism and recovery with tepid blood cardioplegia was superior to cold crystalloid or cold blood cardioplegia, 7 and the other that tepid combination blood cardioplegia reduced metabolic demands but permitted immediate recovery of cardiac function. 6 We observed similar myocardial oxygen consumptions with tepid and warm blood cardioplegia, indicating an identical rate of mitochondrial oxidative phosphorylation.
Tepid blood cardioplegia, however, resulted in slightly, but not significantly, lower anaerobic metabolism (lactate extraction) than warm blood cardioplegia because of a decreased oxygen demand by the myocardium.
We conclude that substrate-enriched pressure-controlled warm blood reperfusion is not superior to pressure-controlled reperfusion with unmodified tepid or warm blood in our model. The most effective component of controlled reperfusion is therefore initial pressure.
